Interface States in Carbon Nanotube Junctions: Rolling up graphene 
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We study the origin of interface states in carbon nanotube intramolecular junctions between 
achiral tubes. By applying the Born-von Karman boundary condition to an interface between 
armchair- and zigzag-terminated graphene layers, we are able to explain their number and energies. 
We show that these interface states, costumarily attributed to the presence of topological defects, are 
actually related to zigzag edge states, as those of graphene zigzag nanoribbons. Spatial localization 
of interface states is seen to vary greatly, and may extend appreciably into either side of the junction. 
Our results give an alternative explanation to the unusual decay length measured for interface states 
of semiconductor nanotube junctions, and could be further tested by local probe spectroscopies. 

PACS numbers: 



Carbon nanotubes are currently regarded as one of the 
most promising materials to develop future nanoelectron- 
ics, with an impressive combination of robustness and 
ideal electronic properties. At present, it is well estab- 
lished that further progress towards real applications de- 
pends on the ability to form junctions between different 
nanotubes Recently, the controlled synthesis of sev- 
eral carbon nanotube intramolecular junctions has been 
reported, either by current injection between nanotubes 
[2] or by temperature changes during growth These 
intramolecular junctions, which often present interface 
states, are typically made of topological defects arising 
from the connection between tubes of different chiral- 
ity. In fact, the interplay between defects and charge 
transport is a central theme of carbon nanotubes (CNT) 
research in the fabrication of electronic devices, such as 
diodes [1] or transistors . 

Although interface states are commonly regarded as 
a drawback in device performance, they may actually 
provide a means of achieving diode behavior at the 
nanoscale, as proposed in Ref. Q. In any case, trans- 
port spectroscopy experiments have shown that interface 
states play an important role in the behavior of CNT 
junctions [7|, la ISI] • On the one hand, Ishigami et al stud- 
ied interface states in metal/metal CNT junctions with 
scanning tunneling microscopy, showing that interface 
states extended approximately 2 nm from the junction 
0. On the other hand, Kim et al found longer decay 
lengths for semiconductor nanotube junctions, with dif- 
ferent values at each side of the interface [9j]. Therefore, 
understanding the physics of CNT intramolecular junc- 
tions, for which interface states may dominate transport 
properties, has been a sub ject of growing activity in the 
last few years 0, GH El El El • 

The main purpose of this letter is to describe inter- 
face states and elucidate their origin by studying junc- 
tions of varying diameter. Specifically, we address the 
energy spectra of achiral nanotube intramolecular junc- 
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FIG. 1: (Color online) Geometry of a (10,0)/(5, 5) junction, 
with the atoms comprising the ring of pent agon- heptagon de- 
fects in a different color. 



tions. Zigzag/armchair junctions are made by joining a 
(2n,0) and an (n, n) tube; this is achieved with a ring 
of n pentagon-heptagon defect pairs. In Fig. [1] we show 
a particular example of this kind of junctions, namely 
the (10,0)/(5,5) case, with a ring of 5 pentagon-heptagon 
(5/7) defects forming the union between the tubes. All 
calculations have been performed within the 7r-electron 
tight-binding approximation [l5[ and a Green function 
matching technique [12[ . We have recently shown that for 
multiple junctions, like iV(12, 0)/M(6, 6) superlattices, 
this approximation yields the electronic structure around 
the Fermi energy (Ep) in good agreement with the re- 
sults from first-principles calculations 

In Figure [2] we show the local density of states (LDOS) 
around Ep evaluated at the junction, for all (2n, 0) / (n, n) 
systems from n = 4 to n = 15. The first interface 
state appears for n = 4; smaller junctions, such as the 
(6,0)/(3,3) case (not shown), have no localized states 
even though they have a full ring of 5/7 topological de- 
fects. Clearly, interface states (IS) obey a multiple-of- 
three rule: when n = 3q + 1, with q = 1,2, ... a new in- 
terface state appears, q being the number of such states. 
Each interface state can be labeled by an integer number 
m, characterizing the behavior of the wavefunction As- 
under rotations C n of an angle <p = 2i\jn. As the junction 
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is invariant under C n , it follows that C n ^is = e %rn ^is. 
In Fig. [2] interface states of equal m are joined with a 
dashed line. The label m can be viewed as a "discrete 
angular momentum" quantum number [12]. The behav- 
ior of interface states is reminiscent of localized states in 
a quantum well system with increasing number of lay- 
ers [I?}- However, in contradistinction to quantum well 
states, these interface peaks cross with increasing system 
size. Another key feature is that their energies are lim- 
ited to a narrow interval below Ep, specifically, between 
—0.3 and eV, as can be seen in the Figure. 

Additionally, notice that some interface states at junc- 
tions with different n have exactly the same energies. 
Such are, for example, the (8,0)/(4,4), the (16,0)/(8,8) 
and the (24, 0)/(12, 12) junctions, which have one in- 
terface state at -0.172 eV, the (12,0)/(6,6) and the 
(24,0)/(12, 12) junctions, with one IS at -0.285 eV. The 
coincidence in energies for some interface states and the 
regularity in their appearance point towards their folding 
origin. Thus, we have turned to a system closely related 
to this series of nanotube junctions: a semiinfinite zigzag 
graphene joined to an armchair-terminated one, yielding 
an infinite line of pentagon-heptagon topological defects 
as interface between the two graphene edges. The geom- 
etry of this graphene junction is shown in Fig. 03 In the 
same way that a perfect nanotube is made by rolling up 
a graphene sheet, a carbon nanotube junction like those 
described above can be obtained by rolling up a strip of 
these matched semiinfinite graphenes. 

The bandstructure of the graphene armchair/zigzag in- 
terface is shown in the left panel of Fig. 2J along with the 
projected bulk bands at this interface; the right panel de- 
picts the edge band of zigzag-terminated graphene with 
the corresponding projected graphene bulk bandstruc- 
ture at this surface. The interface band shown in the 
left panel spans from T to 2/3 of the positive part of the 
Brillouin zone. Note that just at the edge points there 
are no interface states, because they belong to the bulk 
of the armchair- and the zigzag-terminated graphene re- 
spectively. The graphene interface band spans from —0.3 
eV to eV, comprising the energy range of all the nan- 
otube interface states. Rolling up the graphene junction 
amounts to imposing Born-von Karman boundary con- 
dition to the graphene interface band. This determines 
the quantization rule 

. 2nm ^ 

k = — , m = 0, n — 1, (1) 

nd 

where d is the length of the repeat unit along the interface 
and n is the number of repetitions to give a (2n, 0) / (n, n) 
junction. The index m is the same "discrete angular mo- 
mentum" label formerly introduced. The allowed k val- 
ues give the nanotube interface states shown in Fig. [2j 
as demonstrated graphically for two examples, namely 
n = 5 and n = 9, in the bottom panel of Fig. [H The 
energies obtained by this rule exactly match those ob- 
tained in the nanotube junction calculations, collected in 
Fig. [2j The multiple-of-three periodicity is thus under- 
stood, due to the length of the BZ portion in which the 
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FIG. 2: Local density of states below the Fermi level vs n 
for a series of (2n, 0) / (n, n) junctions. Peaks correspond to 
interface states. The curves are arranged from top to bottom 
in order of increasing n, with the smallest and largest values 
indicated therein. Dashed lines are guides to the eye. 




FIG. 3: (Color online) Geometry of the zigzag/armchair 
graphene junction. The two rectangles show the unit cells 
employed in the Green function matching calculation of in- 
terface bands. 



interface graphene band exists, i.e., 2/3 of its irreducible 
part. Furthermore, within the model employed, it is now 
clear why for n < 4 there are no interface states in the 
(2n, 0) / (n, n) junctions: in these cases, quantization lines 
touch the edges of the graphene interface band, and these 
end points do not actually belong to it because they are 



3 





> 



-0.1 



£f>-0.2 

pq 

-0.3 





n=9 














n=5 











7i/d 



FIG. 4: Left panel: Interface band of the zigzag/armchair 
graphene junction, with the corresponding projected 
graphene bulk bands at this interface. Right panel: Edge 
band of the zigzag-terminated graphene with the graphene 
bandstructure projected at this surface. Bottom panel: Zoom 
of the interface band, with quantization lines showing the in- 
terface energies for the n — 5 (dashed) and the n — 9 junctions 
(dotted). Symbols mark the corresponding interface state en- 
ergies. Open circles at the interface band ends stress that 
these energies do not belong to the band but, rather, to the 
bulk continua. 



in the zigzag and armchair graphene bulk continua. Fi- 
nally, the appearance of interface states with exactly the 
same energies is simply explained by the quantization 
rule given in Eq. (pQ). 

To understand the origin of the interface band found 
for the zigzag/armchair graphene junction, we have an- 
alyzed the corresponding graphene free "surfaces", the 
armchair-terminated and the zigzag-terminated semiin- 
finite graphenes [Hj]. No surface bands appear in the 
gap of the armchair- terminated graphene, whereas for 
the zigzag-terminated one, shown in the right panel of 
Fig. [H a flat band at eV spans from T to 2/3 of the 
irreducible part of the BZ. For the purposes of direct 
comparison, we use the same unit cell as for the inter- 
face calculation, which is doubled with respect to the 
one usually employed for zigzag geometry. Note that the 
k = state belongs to the surface band, given that it is 
in the bulk gap; this explains why all semiinfinite (2n, 0) 
zigzag nanotubes have a "surface" edge state at eV. 
Joining the zigzag edge graphene to the armchair one 
breaks the electron-hole symmetry due to the mixing of 
the two graphene sublattices, combing the surface band 
and moving it to negative energies, as depicted in the 



left panel of Fig. [H Thus, the armchair-edge graphene 
acts as an external potential for the states of the zigzag- 
terminated graphene, bending down the interface band. 
The zigzag edge nature of the interface band shown in 
Fig. [4] is thus demonstrated, as well as that of interface 
states in zigzag/armchair junctions of tubes, which we 
have shown here to originate from edge states, as those 
found in graphene nanoribbons. This finding has impli- 
cations for the analysis of other defects such as vacancies, 
and even substitutional atoms in nanotubes or graphene, 
which have been shown toyield an effective edge in the 
hexagonal carbon lattice jl9| | . 

In order to test the robustness of our tight-binding 
results, we have performed ab initio calculations 
of 4(2n, 0)/4(n, n) superlattices (SL) using the same 
method and parameters as in Ref. [16]. Introducing 
another junction and imposing periodic boundary condi- 
tions induces significant changes in the electronic struc- 
ture, but by comparison to tight binding results and 
checking the wavefunction symmetry and spatial distri- 
bution, we have successfully identified interface states 
[20| . Specifically, we have checked that there are no 
interface states in the (6,0)/(3,3) system, whereas one 
IS per junction appears in the (8,0)/(4, 4) and the 
(12,0)/(6,6) cases, and two states per junction appear 
in the (14, 0)/(7, 7) system. For the time being, further 
studies for lattices with a larger number of defects are 
beyond our computational capabilities. Hitherto, ab ini- 
tio calculations and tight-binding results fully agree as to 
the number of interface states in these achiral junctions. 

We have chosen a pair of interface states belonging 
to the largest system calculated by ab initio techniques, 
namely the 4(14, 0)/4(7, 7) SL, to show their spatial dis- 
tribution. Their wavefunctions are shown in Fig. [5] (a). 
The lowest-lying interface state, labeled II, is mainly lo- 
calized at the interface, spreading towards the armchair 
side. This behavior was also observed in the interface 
states of (12,0)/(6,6) SLs and (10, 0)/(5,5) junctions 
d, [20[. But, surprisingly, the second interface state (la- 
beled 12) spreads from the interface into the zigzag part. 
To understand these disparate behaviors, we turn back 
to the graphene junction. Fig. [5] (b) depicts the electron 
density of several graphene interface states with differ- 
ent k values; states are labeled with the corresponding k 
value in ir/d units. When moving from T to the interface 
band edge at 2/3 of the BZ, the wavefunction localiza- 
tion changes from the armchair to the zigzag side; for 
k at the band minimum the wavefunction is mainly lo- 
calized at the junction. This explains why the interface 
state of the (12, 0)/(6, 6) junction, which stems from the 
graphene k = 1/3 state, is rather localized at the inter- 
face. Thus, the junctions with sufficiently large diameter 
will have different interface states spreading at opposite 
sides of the interface, but pinned at the carbon ring made 
of 5/7 topological defects. 

Our results provide an alternative explanation to the 
unequal decay lengths found in semiconductor nanotube 
junctions, as well as to their large value compared to 
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FIG. 5: (Color online) (a): Two examples of wavefunctions of 
interface states belonging to the 4(14, 0)/4(7, 7) superlattice 
calculated ab initio, (b) : Electron density of several states be- 
longing to the interface band of the graphene armchair /zigzag 
junction, calculated with a 7r-orbital tight-binding model. 

metallic systems d, The coexistence in the same 
nanotube of interface states with dissimilar spatial lo- 
calization could be demonstrated by scanningtunneling 
microscopy and spectroscopy, as in Refs. 0,13, 0- The 
fact that CNT junctions may have several interface states 
with different spatial localizations opens a way for new 
device design based on their characteristics. Choosing a 
CNT of appropriate diameter, states with quite differ- 
ent spatial localization can be accessed by applying dif- 
ferent voltages, allowing for switch operation. Further- 



more, due to interface charge localization and redistri- 
bution CNT junctions can act as chemically active sites. 
Actually, doping the interfaces may induce a structural 
reconstruction and alter their symmetry, thus dramati- 
cally changing the electronic properties because of the 
Fermi level proximity to the IS. 

Finally, although we have focused on junctions between 
achiral tubes and found that their interface states have 
zigzag edge origin, we would like to note that differences 
in chirality of joined tubes plays a role. For example, a 
zigzag (8,0)/(7,l) junction has no interface states, while 
the (8,0)/(5,3) junction has two [1(3] • We have chosen to 
study junctions between tubes with maximum difference 
in chiral angles. The non-trivial role of chirality deserves 
further exploration; but in any case, our present results 
suggest that IS in chiral systems will also have edge ori- 
gin. 

In summary, we have explored the nature of interface 
states in carbon nanotube junctions, focusing on achi- 
ral systems. We have shown that these states, usually 
attributed to the pentagon-heptagon topological defects, 
are actually due to the zigzag-edge-terminated nanotube. 
Topological defects break the electron symmetry and con- 
sequently make these states energy-dependent. Further- 
more, we have related these interface states of nanotube 
junctions to the interface band appearing in a graphene 
zigzag/armchair junction. By applying the Born- von 
Karman boundary condition to the graphene interface 
band, we have derived the energies and number of the 
nanotube interface states, obtaining complete quantita- 
tive agreement with the CNT junction calculations. Our 
results give a new vision on the nature of CNT interface 
states and have implications in other systems, such as 
graphene vacancies or substitutional impurities. 
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